Abstract: A series of hyperbranched poly(amine-ester) polyols were synthesized by the polycondensation of N,N-diethylol-3-amine-methylpropionate [prepared by the Michael addition reaction of methyl acrylate (MA) with diethanolamine (DEA)] as an AB 2 -type monomer with trimethylol propane (TMP) as the core moiety, proceeding in one-step procedure in the melt with p-toluenesulfonic acid (p-TSA)as catalyst. The Michael addition reaction and polycondensation behaviors were systematically investigated, in an effort to optimize the reaction conditions, respectively. Optimum parameters for addition reaction: at MA/DEA ratio of 2:1 for 4 h at 35 °C, adding MA to DEA, using methyl alcohol as solvent; and for polymerization: dosage of p-TSA was 2 wt % (based on total weight of AB 2 -type monomer and core) for 4~5 h at 120 °C, adding monomer to core. The obtained monomer and polymers were characterized by Fourier transform infrared spectroscopy (FTIR), 1 H-NMR spectroscopy and gel permeation chromatography (GPC). It was suggested that the hyperbranched poly(amine-ester) polyol formed via a mechanism of a combination of transesterification and addition reactions. The thermal stability, solubility and surface activity in aqueous solution of the polymers were also examined.
Introduction
Dendritic polymers have received considerable attention in recent years due to their unique chemical and physical properties as well as their potential applications in coatings, additives, drug and gene delivery, macromolecular building blocks, nanotechnology, and supramolecular science [1] . These macromolecules are classified into dendrimers and hyperbranched polymers. Fully branched, perfectly regular structures are referred to as dendrimers, while imperfectly branched or irregular structures are referred to as hyperbranched polymers (HPs). HPs are a relatively new class of macromolecules which have gained significant attention from both academia and industry since Flory's seminal theoretical report in 1952 [2] . HPs are of more significance than dendrimers from the viewpoint of industrial applications, since it can be easily prepared by direct "one-step" polymerization of multifunctional monomers. Moreover, their properties are completely different compared to the linear polymers with the same molar mass such as high chemical reactivity, low melt and solution viscosity, high solubility, miscibility, and reactivity due to their high segment density within the volume of a molecule and lack of intermolecular entanglements. The high-density functional terminal groups on hyperbranched polymers also offer the potential for tailoring their structure through the conversion of end groups to chemically suitable moieties [3] .
Hyperbranched polymer polyols (HPPs) are a kind of HPs which contain plentiful high chemical reactivity terminal hydroxyls and can be classified into many different kinds by their structure, such as hyperbranched polyester polyol (HPEP), hyperbranched poly(amide-ester) polyol (HPAEP) etc. Because of the availability of a large number of end groups, this can be tailored for different applications. The applications of these polymers can be split into two categories: those that are based upon bulk properties such as their enhanced solubility characteristics [4] and to more specialist technologies that include ion-conducting materials [5] . Selier M et al reported that Boltorn type HPPs can be used as distillation extractant and possess better function than linear polyhydric alcohol, such as 1,6-hexanediol [6, 7, 8] . Siriba et al. and Kumar et al. reported respectively that HPPs can be used as catalyst delivery via formation of covalent bonds of the terminal hydroxyls and catalyst [9, 10] . On the other hand, HPPs can be easily modified through the conversion of end groups; Kishore K. Jena et al reported that a series of organic-inorganic hybrid coatings from hyperbranched polyurethanes were prepared using HPEP and 3-aminopropyltriethoxysilane [11] . Therefore, HPPs exhibit good application foreground.
Most of the previous studies on HPPs focused on their synthesis methods, structural characterization and conversion of end groups [12, 13, 14, 15, and 16] .How to optimize the reaction conditions was seldom reported.
The aim of the present work is to prepare a series of HPAEPs and optimize the reaction conditions and study their properties. The obtained monomer and polymers were characterized by fourier transform infrared spectroscopy (FTIR), 1 H-NMR spectroscopy and gel permeation chromatography (GPC). The thermal stability, solubility and surface activity in aqueous solution of the polymers were also examined.
Results and Discussion

Michael Addition Reaction
The AB 2 -type monomer for the polymer was obtained from the Michael addition reaction of MA with DEA, yielding a tertiary amide with one COOCH 3 and two OH groups. We systematically investigated the reaction behaviors, in an effort to optimize the reaction conditions. We first examined the effect of solvent on the reaction. Fig. 1 listed the reaction results using different low carbon chain aliphatic alcohols such as solvents. Because DEA and MA cannot be dissolved in each other, the system presented two phases, and the reaction was strictly difficult. In order to make the two reactants dissolve each other, a series of solvents were adopted: anhydrous alcohols, anhydrous methanol and isopropanol. It can be seen that solvent can increase yield very well, but the effects of different solvents on yield were different. Among these solvents, anhydrous methanol was the best. The methanol, as solvent and phase-transfer agent, made the two phases to be homogeneous, so the reaction rate and yield were improved.
According to the Michael addition reaction mechanism [17] , the two reactants could nearly react completely at MA/DEA molar ratio of 1:1, but the retro-Michael addition reaction existed. In order to shorten reaction time, increase yield to the greatest extent, two times of MA which could be easily eliminated under reduced pressure distillation and recycled after reaction was added, i.e. MA/DEA molar ratio was 2:1. As we know, raising the temperature could accelerate reaction and shorten the reaction time, but it was also possible to result in side reactions or accelerate side reactions. The side reactions here mainly included (1) hot polymerization of MA. Moreover, side product polymethyl acrylate could be dissolved in the synthetic products and it was difficult to separate it from the target product by conventional methods; (2) intermolecular transesterification ring-closing reaction of AB 2 -type monomer. The reaction was an exothermic reaction. Higher temperature could result in side reactions, so it was not wise to mix DEA and MA directly and we had to add MA to DEA slowly by constant-voltage funnels. The effect of different feeding orders on reaction is shown in Fig. 2 . It can be seen that adding MA to DEA, the yield was higher than that of adding DEA to MA. The possible reason was when adding DEA to MA, the reaction gave out heat heavily resulting in the rise of the reaction temperature and the possibility of hot polymerization among superfluous MA.
The effect of temperature on the reaction is summarized in Fig. 3 . With an increase in the temperature, the reaction yield was increased until 45 °C. The yield maintained a balance from 35 °C to 45 °C. When the temperature was higher than 45 °C, the yield was distinctly reduced. It suggested that side reactions occurred. Furthermore, too high temperature would promote volatilization of methanol from the reaction system, so the yield may also be reduced. To sum up, the suitable temperature should be 35 °C.
Fig. 3.
The effect of temperature on the reaction.
We followed the time courses of the reaction. The reaction steadily proceeded: the yield increased with an increase in the reaction time (Fig. 4) . The yield had no obvious change after 4 h. It can be seen that slope of two adjacent points gradually diminished, which indicated that the effect of time on reaction became more and more weak. The phenomenon of "fast followed by slow" was formed by statistic effect [18] . Based on the principle of statistic effect, initially, reactive groups outside the DEA molecule in which Michael addition reaction may occur (active hydrogen on amido) were the most, reaction probability was big and the reaction rate was also fast, along with the reaction proceeding, reactivity groups gradually reacted and reaction rate reduced till remaining reactivity groups were already few, reaction probability was also little, reaction rate decreased correspondingly. Considering yield for 4 h and 5 h was nearly equal, prolonging reaction time must increase energy consumption, so suitable time was 4 h.
Polycondensation
Ester bonds were formed through the transesterification of AB 2 -type monomer with TMP and AB 2 -type monomer themselves, and hyperbranched macromolecules were generated under reduced pressure (0.08 MPa) at around 120 °C with a catalyst of p-TSA. We systematically investigated the polycondensation behaviors, in an effort to optimize the reaction conditions.
Fig. 5. The effect of temperature on polycondensation
The effect of feeding orders on polycondensation is discussed here. In the synthesis process, the proper feeding order should be chosen. Monomers should be added to TMP in drops slowly in order to make the reaction between monomers and TMP occur first. In the opposite feeding order, monomers may react between themselves at the beginning of the polycondensation; as a result, reaction of monomers with cores was difficult to occur. TMP was used as the core moiety to aid control of the polycondensation, indeed when the polymerizations were carried out in absence of the core moiety, insoluble cross-linked polymeric materials were obtained [1] . So, initially, the core should be excessive, so as to suppress reaction between monomers themselves. After the TMP was reacted completely (at adducts/TMP molar ratio of 3:1), the first generation of hyperbranched macromolecules (G1) was obtained. The residual monomers would continue to react with G1 to obtain relatively high molecular weight polymers (G2, G3, and so on). This step was the reaction between monomers themselves. The whole synthesis process can be seen in Scheme. 2.
The effect of temperature on polycondensation is summarized in Fig. 5 . With an increase in the temperature, hydroxyl value of G1 gradually decreased. In the process of reaction, transesterification of OH groups with COOCH 3 groups occurred yielding small molecules (methanol) which were continuously removed, resulting in decrease of hydroxyl value. The decrease of hydroxyl value not only indicated the polycondensation yield, but also demonstrated the yield of side reaction which can also decrease the hydroxyl value. So the polycondensation yield should not be only measured by the decrease of hydroxyl value. From Fig. 5 we can also see the change of relative viscosity of G1 which was used to show the relative molecular weight of polymers indirectly. As mentioned above, when side reactions occurred, the chain propagation of hyperbranched polymers was destroyed resulting in the decrease of relative molecular weight of polymer, i.e. the relative viscosity of polymers reduced. To sum up, in order to prepare the polymers with high molecular weights in the high yields, 120 °C was suitable.
The effect of reaction time on polycondensation was estimated. The result is shown in Fig. 6 . It can be seen that with an increase of reaction time, hydroxyl value of G1 decreased continuously. That was to say that with an increase in the time, the polymer yield increased. When the reaction time was 5 h, hydroxyl value was 576.78 mgKOH/g, which was close to the theoretical hydroxyl value of 549.92 mgKOH/g.
Fig. 6. The effect of reaction time on polycondensation
We carried out the polymerization reactions at different catalyst concentration (Fig. 7) . The effect of the catalyst concentration was investigated at the same reaction times. It can be seen that hydroxyl value decreased continuously with the increase of catalyst concentration. That was to say, catalyst promoted the transesterification effectively, but it must be noticed that relative viscosity of polymers increased at first, then begun to decrease after reaching its maximum value with the increase of catalyst concentration. So, it was possible that using too much catalyst not only promoted the anticipated reaction but also side reactions. Therefore, it was not wise to use as much catalyst as possible and the reaction should be controlled suitably so as to develop its due effects. Comprehensively considering, the suitable catalyst concentration should be 2 wt %. 
Structural Characterization of Monomer and HPAEPs
FTIR spectroscopy was widely used for identification of polymers because of its sensitivity to minor variations in polymer structure. In addition, the technique was rapid and nondestructive. The polymer products were fully characterized spectroscopically. The IR spectrums of HPAEPs are given in Fig. 8 as examples. The spectrum of its monomer is also shown in the same figure for the purpose of comparison. The strong absorption band observed at 1445 cm -1 and 990 cm -1 , in MA was associated with its C=C stretching vibration. This band disappeared in the spectrum of its monomer, indicating that most of the double bonds had been consumed by the addition reaction.The absorptions at 1440 cm -1 and 1363 cm -1 assigned to bending vibration absorption peaks of OH indicated that the characteristic absorption peaks at 3386 cm -1 belonged to the OH stretching vibration and not to NH. The absorption at 1734 cm -1 was assigned to the C=O in the ester units (COOCH 3 ). All these spectral data proved that AB 2 -type monomer had been formed in the addition reaction.
It can be seen that FTIR spectrums of polymer and monomer were similar; functional groups of different generations of polymer were basically consistent. But the absorption peaks of OH at 3376 cm -1 , C-H at 2880 cm -1 and C-N at 1618 cm -1 became significantly strong.
In 1 H-NMR spectrum of AB 2 -type monomer (in CDCl 3 , Fig. 9 ), the signal on δ3.64 can be assigned to CH 3 in the ester units (COOCH 3 ); the multiple peaks on δ2.79 can be assigned to CH 2 in the units (NCH 2 ) resulting from the addition reaction, the multiple peaks on δ3.55 can be assigned to CH 2 in the units (HOCH 2 ); the multiple peaks on δ2.58can be assigned to CH 2 in the units of (CH 2 NCH 2 ); the signal on δ2.45 can be assigned to CH 2 which was near by ester units; the shoulder at about δ2.9 might be due to the two OH, in which the proton can undergo a rapid exchange from OH to O; the single peak at δ3.34 was the characteristic peak of N-H; it indicated that hydrogen bond had been formed by H atom of hydroxyl and N atom in monomer. These results again verified that that AB 2 -type monomer was formed in the addition reaction. Quantitative determination of C, H, and N in monomer had been taken; the results can be seen in Table 1 . The experimental data conformed to theoretical value very well. These results again verified that that AB 2 -type monomer was formed in the addition reaction and the product was pure. Fig. 10 ), the signals were analyzed as follows. These results verified that HPAEPs was formed in the polymerizations. Relative molecular weight of the resulting polymers was determined by GPC, as expected from the theoretical predictions, the polymers had a broad relative molecular weight distribution (Fig. 11) . The additional distribution mode with lower relative molecular weight can be explained by the presence of unreacted monomers or their low relative molecular weight derivatives. As we know that characterization of relative molecular weight of hyperbranched polymer was very difficult because of the standard sample of polydispersity index was linear polymer with given relative molecular weight and the structure of hyperbranched polymer and linear polymer were obviously different, the hydrodynamic radius (R h ) of hyperbranched polymers was smaller than liner polymers with the same molecular weight, so the results of GPC were particularly lower than theoretical value (Table 2) .
Tab. 2.
Relative molecular weight of different generation polymers. Generation Relative molecular mass in theory Results of GPC 1 611 320 2 1565 538 3 3473 789
Thermal stability
Thermogravimetric analyses were conducted to evaluate the thermal stability of G3 (Fig. 12 ) The TG and DTG curves of G3 suggested a predominant single-step decomposition profile with a small-tail decomposition step at higher temperature. The onset temperature (T on ) corresponding to the maximum rate of weight loss (T max ) and the endset decomposition temperature (T en ) of G3 were 225.0, 269.0 and 350.6 °C. G3 showed a less heterogeneous thermolytic profile with an initial T on onset at 225.0 °C, indicative of greater thermal stability. The percentage of mass loss from 225.0 to 350.6 °C was 83.87%. 
Solubility and Surface Activity
Solubility studies of HPAEPs were performed at room temperature, and it was found that HPAEPs was soluble in water and a broad range of organic solvents, including alcohols, N,N-dimethylformamide, N,N-dimethylacetamide and other polar solvents, this was because HPAEPs contained plentiful high chemical reactivity and hydrophilic terminal hydroxyls.
Surface activity in aqueous solution of the polymers was examined at room temperature (Fig. 13) . The result indicated G3 exhibited good surface activity which can reduce surface tension obviously at low concentration. This was similar to traditional surfactants. Because it was composed of lipophilic groups which referred to internal oxygen-containing groups and terminal hydroxyls and hydrophilic groups which referred to internal alkyl chains.
Fig. 13. Surface activity of G3 in aqueous solution
Conclusions
In the present investigation, the first, second and third generations of HPAEPs were prepared by AB 2 plus a core molecule approach, where AB 2 was N,N-diethylol-3-amine-methylpropionate and the core was TMP. The behaviors of Michael addition reaction and polycondensation were investigated systematically, in an effort to optimize the reaction conditions. The synthesized monomer and polymers were characterized by 1 H-NMR, GPC and FTIR. 1 H-NMR and FTIR proved the formation of AB 2 -type monomer. GPC data indicated the polymers had a broad relative molecular weight distribution. The thermal stability, solubility and surface activity in aqueous solution of the polymers were also examined. The results demonstrated that the polymers presented greater thermal stability, better solubility and surface activity.
Experimental part
Materials
Methyl acrylate (MA) (distilled before use), diethanolamine (DEA), p-toluenesulfonic acid (p-TSA), and trimethylol propane (TMP) were procured from Tianjin No.1 Chemical Reagent Factory (Tianjin, China). Pyridine, anhydrous methanol, phthalic anhydride, and acetic anhydride were purchased from Shanghai No.2 Chemical Reagent Factory (Shanghai, China), all of above were analytical reagents and used as received except special mentions.
Measurements
Fourier transform infrared spectroscopy (FTIR) was recorded on a VECTOR-22 fourier transform infrared spectrophotometer (Germany), and the KBr pellets were used for the test. 1 H spectra ( 1 H-NMR) were recorded using a Bruker AVANCE II 400 (Germany). Samples were analyzed in CDCl 3 . The chemical shifts were expressed in ppm in the δ scale. Elemental analysis was recorded on an Elmentar Vario EL III element analyzer (Germany). Thermogravimetric analysis (TG) carried out with a NETZSCH STA 409 PC/PG (Germany) was used to study the thermal decomposition profile of HPAEPs. For TGA, sample was taken and heated at a constant rate of 10 °C/min in an inert nitrogen atmosphere from 25 to 700 °C. Gel permeation chromatography (GPC) was performed on a Waters 515 HPLC (USA) fitted with polyethylene glycol columns, using 0.1 mol/LNaNO 3 as mobile phase. The sample concentration was 1 wt %. Relative viscosity was measured by ubbelohde viscometer (China) at 20 °C. Surface tension was tested by automatic surface tension instrument (China: model JK99C) at 20 °C.
Determining tertiary amines: first, the mixture which might contain the primary, secondary and tertiary amines was reacted with the acetic anhydride, so as to shield the primary and secondary amines by acetylation; then, making use of the basicity of the tertiary amine, it was titrated by the HCl-Ethanol standard solution.
The hydroxyl value was determined by acetylation.The sample was heated with an excess of acetic anhydride in pyridine, water was added, and the resulting acetic acid was titrated with alcoholic sodium hydroxide. Most procedures required about 45 minutes on a steam bath for acetylation. A blank containing the same amount of acetic anhydride but without alcohol was treated with water, and the acetic acid formed was titrated. The hydroxyl value was calculated from the difference of these two titrations.
Synthesis of AB 2 -type Monomer
In a 250 mL glass reactor, a calculated amount of DEA and a calculated amount of methanol were introduced under a nitrogen atmosphere; the mixture was stirred at room temperature till DEA was absolutely dissolved. A calculated amount of MA, which was equal to two times of DEA, was then slowly added, and the temperature of the mixture was controlled under 35 °C for 4 h. At the end of reaction, the methanol and superfluous MA were removed under reduced pressure. The reaction formula is shown in Scheme 1.
Synthesis of Polymers
Hyperbranched poly(amide-ester) polyol was synthesized by a melt polycondensation technique, wherein AB 2 -type monomer was added to TMP in drops slowly, kept in a four-necked round-bottomed flask placed over an oil bath and equipped with a thermometer, mechanical stirrer, nitrogen inlet, and Dean-Stark apparatus. Scheme 2. Synthesis of different generations of HPAEPs from core moiety and AB 2 type monomer (the above structure are ideal, because the tertiary amine is protonated and for some other reasons, the practical structures are not perfect).
The reaction mixture was slowly heated to 120 °C. After complete melting of the reactants, the temperature was maintained between 110~120 °C with a continuous nitrogen flow for about 4~5 h to compute the transesterification reaction. p-TSA ( 2 wt %) based on the total weight of monomer and TMP was used as the catalyst for the transesterification. The eliminated methanol was collected from the Dean-Stark apparatus. The reaction was monitored periodically by checking the hydroxyl value through a simple titration method. Similarly, using the same apparatus, the second and third generations of HPAEPs were prepared in one-step procedure by adding the required amount of monomer and TMP at one time.
Scheme 2 showed the steps involved in the synthesis of HPAEPs, whereas Table 3 showed the various reactants used to prepare different generations of HPAEPs along with their equivalent ratios. The first, second, and third generation of HPAEPs were called G1, G2, and G3, respectively, and their 3D structure of balls and sticks are shown in Fig. 14 
